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I. INTRODUCTION 


In the field of modern structural materials great Interest exists 
In the use of fiber reinforced composites. Tlje ability to control basic 
material properties by varying constituents In the conposite lamina and 
to design combinations of laminae Into laminates which give very spec- 
ific structural response creates nearly unlimited advanced structural 
design possibilities. However, for fine tuned designs, very accurate 
measurements of the responses of these laminates to various types of 
loading are necessary If the design Is to be truly optimal. One such 
response which must be accurately measured Is that due to thermal load- 
ing. The coefficient of thermal expansion (CTE) for typical lamlftates 
In use today ranges from -1 pc/ K (-.5 iic/°F) to 30 \xzf K (17 uc/^F) and 
there Is great Interest In laminates or composite structures, such as 
space antennas, with "near zero" thermal expansion In some direction. 

The method used to determine these coefficients must therefore be very 
accurate and cover a broad range of responses. 

A survey of existing methods for measuring thermal strains In low 
expansion materials Is presented by Wbiff [11 and Includes discussions 
of the resistance strain gage, an optical-mechanical lever-type 
device, Fizeau and Michelson Interferometers, and holographic speckle 
Interferometry, flue to problems with limited accuracy, specimen 
geometries, or regulrements of sophisticated and expensive optical 
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equipment for these methods, another method was sought for the thermal 
expansion testing of composite laminates. 

Recently, Bowles, et al. [2,3] Introduced Moire Interferometry for 
thermal expansion measurements of composite laminates. Alvantages of 
the method presented are: 

1. purely geometric measurement technique; 

2. displacement seisitivlty of R33 nm (33 uln) per fringe 

3. resolution o. 7 ; 

4. Influence of specimen end effects eliminated; 

5. full field observations permitting measurement of displacements 
along specimen boundaries; 

6. technique Is relatively easy to Implement and Is Inexpensive. 

This report presents the following extensions to the technique de- 
veloped by Bowles, et al.: 

1. use of a prism to provide a virtual reference grating, thereby 
eliminating the teirperature limit (480 K) (400* F) of the dif- 
fraction grating used by Bowles; 

2. simultaneous measurement of displacements on both sides of the 
test specimen, which provides the necessary data for separating 
longitudinal strains from bending strains. 

In the present work the prism Is used as an alternate method of 
generating a reference grating for testing over the same teirperature 
range used In Bowles [2]. However, since the prian can generate a ref- 
erence grating at much higher tenperatures than the diffraction grating 
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used by Bowles, Its use here is a first step In developing a 620 K (650* 
F) tenperature capability for this inethod. Use of two-sided viewing Is 
Inportant. Even though the conposlte laminates tested here have 
nominally systemetric configurations, there are numerous sources of non- 
symmetrical response. For example: a [0/t45/90]s laminate, 1.11 mm 

(43.7 mils) thick, vidilch Is missing 0.035 mm (1.4 mils) of the outside 
layer on one s1de,w111 experience, over a temperature range of 125 K 
(225® F), a bending strain of approximately 25% its true longitudinal 
strain; microcracking damage In composite laminates as reported In 
[4,5,61 can result In anti symmetrical or localized behavior; and small 
variations In ply orientation can be a source of bending strains. 

The method presented In this report provides a means of determining 
the extenslonal strains In composite laminates due to thermal loading to 
an accuracy of ±3.5 jic. Results are presented for tests on two unidir- 
ectional Gr/E laminates - [01, [901- 4od two quas1-1 sotropic 6r/E lami- 
nates - [0/±45/90l5 and [0/90/±45ls. Oonparlson of test results with 
theoretical values based on laminate analysis are presented, as well as 
comparison with the results obtained by Bowles [31. These conparlsons 
indicate good results, and some modi f Idatlons are suggested which 
should further Inprove the results obtainable with this method. 


2. MOIRE INTERFEROMETRY 

2.1 General Theory 

The theory of Moire Interferometry has been presented by a nunber 
of authors, with detailed presentations being given by ftjlld [7], Otiaiig 
[8] and Post [91. The salient features of this theory pertinent to the 
method of testing developed In this report are presented below. 

Moire Interferometry begins with a plane wavefront of coherent 
light. This wavefront is split Into two plane wavefronts by either a 
diffraction grating, which produces a real reference grating, or by some 
combination of mirrors or prisms, which produces a virtual reference 
grating. In either case the reference grating Is comprised of only two 
wavefronts, or two dominant wavefronts In terms of Intensity, which In- 
terfere with each other and form an Interference pattern with pitch g^ 
given by 


where X Is the wavelength of light being used, and 2o Is the Included 
angle between the two wavefronts. A further requirement Is that the two 
wavefronts be oriented synmetrical ly with respect to the normal to the 
specimen grating, as shown In Fig. 1. This synmetry condition was shown 
by Post [lOl to remove any effect of out-of-plane deformations on the 
Moire patterns. The two wavefronts comprising the reference grating are 
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then incident upon an active grating attached to the test specimen as 
shown in Fig. 1 . 

In his work on Moire fringe multiplication, Post [10] has shown 
that for reference grating with pitch g^, as defined in Eqn. (2.1), and 
active grating with pitch g^ such that, 

Qg = P9p (2*2) 

where p is an integer value, the sensitivity of a test using these grat- 
ings is strictly a function of g^ and is independent of g^. Further- 
more, if p is an even integer, and both the planes and grating lines of 
the reference grating and active grating are approximately parallel, 
then the diffraction rays of the order +p/2 and -p/2 emerge from the ac- 
tive grating parallel with the normal to the grating, forming a two beam 
interference pattern known as M)ire fringes. Equation (2.2) can be re- 
written in terms of the frequencies of the reference and active grat- 
ings, fp and fa» 

fp = Pfg (2.3) 

where: 

f = 1/g (2.4) 

For the situation described by Eqn. (2.3) the +p/2 and -p/2 orders are 
parallel, and the interference pattern is a null field containing zero 
Moire fringes of extension. If the relationship between active and ref- 
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erence grating was slightly altered from that given in Eqn. (2.3) to 


then diffraction orders +p/2 and -p/2 would be inclined to one another 
and would produce an interference oattern with a frequency of p6 Moire 
fringes. If the specimen is extended or contracted f^ decreases or in- 
creases, which causes a change in the frequency of observed H)ire 
fringes. A change of one fringe corresponds to a displacement of gp. 
The strain associated with changes in H>ire fringes over some gage 
length L is given by 


(N - N^) • 9p 


( 2 . 6 ) 


where N^- is the initial nunber of M)ire fringes over L and N is the num- 
ber of Moire fringes over L after deformation. 

An important consequence of Eqn. (2.6) is that if there is some 
warpage of the reference wavefront due to an imperfect optical setup, it 
will be present to the same extent in each fringe pattern and will be 
subtacted out by the N-N^ term. Another consequence of Eqn. (2.6), 
which relates to fringe ordering, is that since N and Ni ^re the nunber 
of fringes occuring over length L, rather than the nunber of the fringes 

themselves, the fringe orders assigned to a pattern are relative values 


rather than absolute. 
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2.2 Literature Review 

A very thorough review of the literature concerning both thermal 
expansion of composites as well as the use of M)ire interferometry can 

>• 

be found in Bowles, et a1. [3]. Several papers concerning use of Moire 
interferometry are mentioned here to supplement that list. Papers by 
Walker and McKelvie [111 and Rowlands and Vallem [12] discuss casting 
replicas of active ftoire grids and interogating these castings later in 
the laboratory. These methods are valuable for taking measuremnts in 
non-laboratory settings and when loadings are other than environmental. 
For CTE measurements desired here these methods are not practical and 
real time observation and recording of the Moire pattern is used. In 
another paper of note. Post and Baracat [13] describe the use of a vir- 
tual reference grating in Moire interferometry to measure displacements 
in an off-axis composite under uniaxial loading. The optical setup 
used to create the virtual reference grating in that work could not be 
used directly in a thermal expansion test as the divided beams would 
have to travel relatively long paths in the thermal environment before 
being recombined and the thermal currents encountered would cause 
movements in the fringes, resulting in unclear or disappearing fringe 
patterns. However, since commercially available diffraction gratings 
have a temperature limit of about 500 K (440® F), and since some of the 
laminates ultimately to be tested with the method presented in this 
report will require a test tenperature of 620 K (650® F), a technique 
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for use of a virtual reference grating In a thermal expansion test was 
developed. 


2.3 Virtual Reference Grating by Prism 
2.3.1 Generating the Reference Grating 

As mentioned earlier, the reference grating in H>ire interferom- 
etry, regardless of how it is generated, is nothing more than the inter- 
ference pattern produced by two plane wavefronts of coherent light. 

These wavefronts are inclined to the normal to the active grating at 
angles +a and -a as shown in Fig. 1, with the pattern having a specified 
pitch, gp, as in Eqn. (2.1). Figure 2 shows the ray diagram for a ref- 
erence grating created using a orism with semi-transparent mirror sur- 
faces. The interference angle, o, is given by 


sin a 



(2.7) 


where f- Is the desired reference grating frequency and \ the wavelength 
of the coherent light being used. The prism angle, 6, is given by 


sin 6 = si n a 


( 2 . 8 ) 


where n is the index of refraction of the prism. Finally the angle of 
the incoming ray to the normal to the reference grating, ^ is given by 


sin( 4 » + G) = n si n(2G) 


(2.9) 


When these relations are satisfied the following steps produce the de- 



cdIo 



sin (<)> + 0 ) = n sin (26) 

where; f = Interference frequency 
of two waves leaving 
wedge 


n 


sired reference grating: 

1 . the incoming ray is partially transmitted upon reaching surface 
1 (Sj) of the prism, with the transmitted ray being refracted 
to an angle of 2 e to the normal to S^; 

2 . this ray then strikes surface 2 ($ 2 ) of the prism where it is 
partially transmitted and partially reflected. The transmitted 
portion is again refracted and corresponds to the " 0 "th dif- 
fraction order of a diffraction grating with frequency f^. 

3. the reflected ray is normal to where it is returned to $2 
along the same path it traveled to S]. Upon reaching $3 it is 
partially transmitted and partially reflected. The transmitted 
portion is refracted and corresponds to the 1 st diffraction or- 
der of a diffraction grating with frequency fp. 

4 . the reflected portion i>f this ray ultimately returns to the 
source of the original ray of light and thus provides a means 
of accurate alignment of the system just described. 

Since the initial wavefront of light is divided and recombined within 
the prism, and since the prism can be placed as close as desired to the 
active grating on the specimen, the problems discussed earlier associated 
with existing methods of generating virtual gratings in a thermal test 
environment are eliminated. 
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2.3.2 Extraneous Rays 

A problem with extraneous rays from diffraction orders other than 
the two desired, similar in effect to that reported by Bowies, et al. 
[3], was anticipated but never encountered. As shown in Fig. 3 both 
reference grating beams produce "0" diffraction orders after incidence 
upon the active grating. Tl^ese two "O'* orders are partially reflected 
upon reaching the back of the prism, and when the reflected beams reach 
the active grating, additional ±l diffraction orders are produced. To 
eliminate the possibility of interference patterns associated with these 
follow-up diffractions being mixed with the patterns from the initial 
diffractions, or additional patterns being generated by interference of 
the additional orders with the initial orders, a means of isolating 
pairs of diffraction orders was provided. An adjusting screw shown in 
Fig. 3 allowed the rotation of the specimen relative to the reference 
grating, A small rotation of this type would cause a much larger separ- 
ation of the additional pairs from the original pair. An aperture plate 
could then be positioned to allow only the original pair of rays to pro- 
ceed to the camera. However, due to the additional partial reflections, 
transmissions, and additional diffraction sequence, these extraneous 
rays were of such low intensity that they could never be seen on the 
aperture plate and hence did not produce fringes of sufficient intensity 
or contrast to be visible in the recorded Moire patterns, even if not 
blocked by the aperture plate. 
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3. EXPERIMENTAL PROCEDURE 


3.1 Two Sided Replication and Grating H)1d - Specimen Alignment 

In order to collect Moire data on both faces of the specimen simul- 
taneously. a phase-type grating was replicated on each face. The grat- 
ings formed on the specimen are silicone rubber cast In place against a 
mold with a corrugated surface of approximately 600 Jl/rnm 
(15,250 t/1n.). The corrugated surface was formed on a high resolution 
photographic plate - either Kodak HRP-IA or 120-02. The method used to 
make the molds and replicate them Is detailed In Refs. [31, [Rl and 
[13]. (For best results the two gratings were replicated at the same 
time, thereby avoiding any damage to the grating on one face while 
replicating on the other.) 

Accurate alignment of the mold on the specimen was achieved by us- 
ing the fixture shown schematically In Fig. 4. The photoplate to be 
used as the diffraction grating mold Is attached to the rotating base 
through the photoplate holder. A laser beam Is directed at the mold and 
the mold Is rotated until the diffraction rays line up on the knife 
edge, which Is parallel to the fixed base of the fixture. A piece of 
tool steel flat stock (1/32" x 1/2" x 2") with Its long edge In contact 
with the fixed base Is then bonded to one side of the mold's corrugated 
surface. The long edge of the flat stock can be attached at less than 
0.1° off the normal to the grating corrugations. The Inside edge of the 
flat stock is then butted against the edge of the specimen during repli- 
cation to yield precise alignment of active grating on the specimen. As 
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noted by Bowles [3] this 1s especially Important In reducing any effect 
of the shearing CTE In the unidirectional specimens. 

In addition to aiding In the alignment of the piece of flat stock, 
the same fixture was used to align the longitudinal and horizontal gage 
lines on the mold. A razor was used to scribe the gage lines In the 
photoplate's emulsion. The longitudinal gage line was scribed using a 
gage block placed on the fixed base In front of the mold (as shown In 
Fig. 4) as a guide. The horizontal gage lines were scribed using the 
same gage block rotated 90" as a guide, and a series of gage blocks with 
appropriate thicknesses to set the desired spacing between lines. This 
aids In reducing the error associated with the longitudinal gage line 
not being perpendicular to the specimen grating lines described by 
Bowles, et al. [2]. With this Increased accuracy, errors associated 
with rigid body rotation are reduced to approximately tl ^c. 

3.2 Experimental Apparatus 
3.2.1 Inside the Test Oven 

After diffraction gratings were replicated on both faces of the 
specimen, a thin steel rod, 1.6 mm (1/16") x 50 mm (2"), was attached to 
one end of the specimen with the same silicone rubber as was used for 
the gratings. The steel rod supported the suspended specimen when it 
was placed In the test fixture. Fig. 5. Figures 3 and 5 also show a 
screw for out of plane rotation about the supporting rod. This 
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rotational adjustment was provided for the reasons discussed In Section 
2.3.2. 

Also attached to the specimen support are the two prisms and their 
support frames, as shown In Fig. 5. The prisms were fastened In the 
frames using silicone rubber adhesive. The frames were then attached to 
the specimen supporting fixtures In such a way as to allow In-pTane ro- 
tation for alignment of the reference grating with the specimen grating. 
Micrometer adjusting screws provided sensitive In-plane rotation adjust- 
ment to achieve the desired degree of alignment. 

The specimen and prism support was mounted on a pedestal arrange- 
ment attached to the base of the overall setup. The pedestal arrange- 
ment was conprised of a steel pedestal attached to the base, which en- 
tered the test oven through a hole In the floor. A block of pyrex glass 
was placed between this steel pedestal and the specimen support fixture 
so as not to provide a continuous metal path through which heat could 
flow. The steel pedestal was wrapped with fiberglass Insulation to re- 
duce heat loss through the metal and the hole through which It was In- 
serted. Figure 6 shows the entire assemblage Inside the oven. The lab- 
oratory oven (ATS Series 2911) was capable of maintaining test tempera- 
tures In the range of 88 to 700 K (-300 to 800® F) and had a viewing 
window In the front ard a window In each side for Illumination of the 
gratings and observation of the fringes. 

Figure 7 shows the location of the 4 Type J, 1 ron-constantln ther- 
mocouples used to measure tenperature during testing. These thermo- 
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couples are positioned immediately adjacent to the test specimen but do 
not contact it. With the long tenperature soak times employed (1- 1 
hrs.) the air temperature around the specimen should be the same as that 
of the specimen. Tenperatures were monitored with a Doric Trendicator 
which gave readouts to 0.1® F. 

3.2.2 Optical Setup 

Figure 6 contains a photograph of the overall experimental setup and 
Fig. 7 gives a schematic representation of the same, with an identifi- 
cation of the elements. The support structure is aluminum except the 
piece to which the laser, beam expander and collimating lens are at- 
tached, which is steel. A 5 mw He-Ne laser was used. The collimating 
and decoll imating lenses are ordinary plano-convex lenses. The support 
structure is set approximately at the proper angle of incidence and 
adjustments in both the vertical and horizontal planes are provided. 
Fringe patterns are recorded on 35 ram Kodak Techical Pan (2415) Film, 
which has the desirable features of high contrast capabilities, extended 
red panchromatic sensitivity, and dyed gel backing which suppresses curl 
as well as halation. 

3.2.3 Prism Description 

The prisms used in this work were cut from a Corning Fused Silica 
No. 7940 blank with a room tenperature index of refraction, n, of 1 .4571 
for the wavelength of light used. The overall dimensions were 63 mm 
tal 1 , 55 mm wide, and 6 mm thick at the narrow base (2.5" x 2.2" x 
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0.25"). Surface flatness was specified to be within 1/10 wavelength, 
and multi-layer dielectric coatings were applied for approximately 60t 
reflectance and 40t transmittance. The room temperature frequency of 
the prisms was found to be 1198.4 t/mm (30,440 1/in) by viewing the 
Moire pattern produced by a 600 Jl/mm Bausch and Lomb diffraction grating 
and the prisms. 

One problem discovered after testing began was the relatively large 
amount of strain derived from the M)ire data which was attributable to 
changes occurring in the reference grating during testing conpared with 
the small strains actually occuring in the specimen grating (see Section 
3.4). These apparent strains attributable to the prism occur because of 
a relatively large change of n with tenperature (dn/dT) of approximately 
10 X 10"®/K (5.6 X 10"^/° F). Prisms for follow-up testing with this 
method will be made from an optical glass designated LaK N 12-678552 
which has a dn/dT of approximately -0.2 x 10~®/K (-0.1 x 10“®/° F). 

This smaller dn/dT wi"!! yield smaller reference grating corrections to 
be applied to the Moire results which in general, should lead to more 
accurate results. 

3 . 3 Specimen De scription 

As mentioned earlier graphite-epo)^ laminates were tested in this 
research. The specific material system was 1300/5208 with the specimens 
being cut from the same panels as those tested by Bowles [3]. For com- 
parison with results obtained in that work the same four laminate con 
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figurations were tested - [0], [90], [0/±45/90]s [0/90/±45]s. The 

specimens were machined to a length of 127.0 mm (5 in) and width of 25.4 
mm (1 in). Each laminate had eight plies, with thicknesses, after sur- 
face preparation, of 1.02mm (0.040 in) for the unidirectional specimens 
and 1.07 mm (0.042 in) for the quasi-isotropic specimens. 

The surface preparation involved the removal of the weav^, pattern 
left on the surface after laminate fabrication. Removal wa essary 
as the pattern caused an unacceptable reduction of image quv in the 
Moire patterns. Light sanding with a 600 grit silicon carbide paper was 
found to sufficiently remove this pattern while preserving the necessary 
degree of specimen thickness uniformity. The unidirectional laminates 
had one smooth side and therefore needed sanding only on one side, while 
the quasi-isotropic laminates had to be sanded on both sides. Approxim- 
ately 0.025 mm (0.001 in) of material was removed from each side re- 
quiring sanding. 

All specimens were dried for three weeks prior to testing. The 
specimens were dried at 340 K (152° F). The oven used did not have an 
enforced dry atmosphere, and the atmosphere at 340 K was in the 5-10% 
relative humidity range. This limitation apparently left some residual 
moisture in the laminates and caused changes in moisture in the laminate 
during testing. Total weight loss during the drying period was approx- 
imately 0.4% for the unidirectional laminates and 0.5% for the quasi- 
isotropic laminates. 
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3.4 Data C ollectio n and Reduct ion 
3.4.1 Collection 

The procedure for conducting tests on the laminates was to first 
photograph the fringe patterns at temperature Intervals of approximately 
25 K (45® F) from room temperature (295 K (70® F) ) up to 435 K (325® 

F), and back down to room temperature. Due to the existence of some vi- 
bration from the test oven and its blurring effect on the fringe pat- 
tern, the oven was shut off during the photographing of the fringe pat- 
tern. Even though it took only a few seconds for the vibration to damp 
out and exposures to be made, the thermocouples were read before and af- 
ter making the exposure and temperaures were averaged. The thermocouple 
readings differed by 0.5 to 1.0 ®F. In general 1-1 1/2 hours were 
needed between setting a new tenperature and stabilization of the 4 
thermostat readouts. An additional 30 min. soak time after 
stabilization insured temperature equilibrium of the specimen. The 
thermal cycle was repeated to provide more data if needed. Exposure 
times of 1 second with the Kodak Technical Pan film were generally 
adequate. Figure 8 shows typical fringe patterns at several 
temperatures. In addition to the fringe patterns. Fig. 8 also 
illustrates the longitudinal and horizontal gage lines which were 
scribed on the grating mold as described in Section 3.1 and transferred 
to the specimen during replication. The longitudinal gage line is 
perpendicular to the grating lines and is in the direction along which 
strains were to be detemined. Only the central line was used in this 
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analysis. The horizontal gage lines are parallel to the grating lines 
and their position along the longitudinal gage line Mas determined to 
the nearest 2.5 rnm (0.0001 In). One of the extreme horizontal gage 
lines was marked to determine the "0"th gage line for measurement pur- 
poses. 

As was mentioned at the close of Section 2.1, fringe orders are as- 
signed in a relative rather than an absolute sense. For convenience, 
the fringe nearest the "0"th horizontal gage line lying outside the 
test section was assigned the "0"th order. The succeeding fringes are 
numbered sequentially through the test section. The sign of the fringe 
order is determined as indicated in Section 3.4.2. 

After assigning initial fringe orders, fractional fringe values 
were measured at each horizontal gage mark position with the aid of a 
photographic enlarger, which was used to project each fringe pattern 
negative on to a white background with a magnification of approximately 
inx. This magnification made it possible to estimate each fringe order 
at a gage mark to 0.1 fringe. 

3.4.2 Fringe Order Sign Convention 

In order to solve Eqn. (2.6) in a consistent manner and to derive a 

functional relationship between the apparent strain obtained from the 

Moire data, e , the specimen strain, e , and the reference grating 
m s 

strain, e , a convention for determining the sign of N is needed. In 
r 

this work this convention is: 
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N * (% - 0%) • L (3.1) 

where fp Is the frequency of the reference grating and fj Is the fre- 
quency of the specimen (active) grating. The terms on the right hand 
side cannot be stated explicitly for any tenperature In the test range, 
but If the sign of the Initial (room temperature) value of N Is 
determined the sign of subsequent values of N may be determined by 
observation. Noting Initial values with the subscript 1, Eqn. 3.1 Is 
rewritten 

N. = (fp - pf, ) • L (3.1b) 

1 r^ s^ 

To determine the sign of use Is made of the setup depicted In Fig. 

3. The active grating Is rotated about an axis parallel with Its 

grating lines by use of the adjustment screw, until either a maximum or 

minimum nutiber of fringes appear. At this point the active grating and 

the virtual reference grating produced by the prism are parallel and the 

nunber of fringes repesent the difference between f_ and pf^ . Since 

1 ^1 

rotating the active grating from a position not parallel with that of 

the reference grating to a position which Is parallel with It always 

causes a reduction In apparent frequency of the active grating 

(ultimately to its actual value) then. If the fringe pattern observed 

was a maximum, fp. Is greater than pf and if the pattern was a 
^ ^1 

minimum, f is less than pf . Having thus determined the larger of 
ri s^ 

the two values fr pf the sign of is set according to the 

'IS. 
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convention represented by Eqn. (3.1b). The signs of subsequent values 
of N are easily determined by noting whether N Increases or decreases 
with Increasing temperature: If N Increases the sign Is the same as , 

If It decreases the sign Is the same as unti ; a zero value Is 
reached, after which the sign Is opposite that of Ni for continued 
Increase In temperature. 

3.4.3 Moire Data Reduction 

As Eqn. (2.6) states, the Information to be taken from the photo- 
graphs of fringe patterns will be used to determine the change In the 
nimber of fringes over a known length, occurring during some temperature 
change. The factor (N-N^)/L can be conputed simply by finding the num- 
ber of fringes between two gage marks at an initial temperature, doing 
the same at some other tenperature, subtracting the two nunbers and div- 
iding the result by the distance between the two gage marks. A problem 
with this is that it provides no check on the precision or correctness 
of the readings of fringe values or gage mark positions. Recognizing 
that the term (N-Ni)/L is equivalent to the slope of the curve represen- 
ted by the change In relative fringe order at positions along the longi- 
tudinal gage line versus the relative distance to those positions, a 
convenient and more statistically precise method is used to generate 
this term from the Moire data. In this method, the fringe values at 
each horizontal gage mark on the initial temperature pattern are sub- 
tracted from the fringe values at the same gage mark on subsequent temp- 
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erature patterns. For each temperature, these differences and the rela- 
tive position of the gage marks to which they correspond form the set of 
data pairs to which a first order (assuned uniform strain field) least 
squares curve fit Is made, the slope of this curve being equivalent to 
the term (N-N^)/l. 

The horizontal gage marks are grouped as shown In Fig. 8 as a com- 
promise between two objectives - for a least squares slope the points 
used have an Increasing Influence the closer they are to the end points 
of the data; and data points should be spread out along the specimen 
length to avoid dependence on one area where a material defect may cause 
locally erroneous results or a fringe order may be difficult to measure. 

To compare the use of this gage line arrangement with that used by 
Bowles, et al., a conparlson of the standard deviation of the slopes for 
the two cases is made. The standard deviation of the slope of a first 
order least squares fit Is: 



where n is the number of (x,y) pairs, x is the independent variable con- 
sidered to be relatively free of error; and Sy is the standard deviation 
of the dependent variable, y. Even though the number of readings ob- 
tained from either gage line arrangement of a particular temperature 
does not constitute a truly statistically significant set of data, it 
can be assumed that the standard deviation of the (N - N^) values - Sy - 
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would be the same for either test since It Is primarily a measure of how 
well the fringe orders may be read. The conparlson Is then that of the 
term under the radical In Eqn. (3.?), which Involves the positional 
values of the gage lines - the independent variable. For the gage lines 
used by Bowles, I.e. a gage length of 33 mm (1.3 In.) with 14 gage lines 
evenly spaced along the entire length Eqn. (3.6) yields: 

= ?.61 X 10"^ • S^^{l/mm) (3.?a) 

In these tests the gage line arrangement Is the same as that by Bowles, 
with the six gage lines In the middle region eliminated. For this ar- 
rangement Eqn. (3.2) yields 

» 2.72 X 10"^ . (A/mm) (3.2b) 

This Indicates the accuracy obtainable with the gage line arrangement 
used here to be 96% of that obtainable with the arrangement In Bowles 
while using 43% fewer dat-^ points. 

For the case where a fringe order is read only at each end of a 
33 mm gage length the expected slope deviation would be 

= 4.29 X ]0‘^ • S^^(A/mm) (3.2c) 

3.4.4 Prism Calibration 

In order to reduce the information obtained from fringe patterns 
generated by the test specimens into specimen strains, the contribution 
of the prism had to be established. To do this a test was run using a 
specimen of known thermal response. In [31 Bowles used Fizeau 
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Interferometry tc determine the thermal response of Corning ULEjm (ultra 
Low Expansion) titanium silicate code 7971. This llLE material was sub- 
sequently used as a test specimen to calibrate the prisms. This speci- 
men could not be supported In the same manner as the composite test 
specimens were, but It was fitted Into one of the wedge-holding frames 
so that the active grating (600 1/mm) on its surface was In the same 
proximity to the prism In the other holder as one face of a conposite 
specimen would be. From the fringe patterns generated In this test, a 
Moire strain, e , Is confuted as noted in the previous section. 

Using this e and the strain from the 3rd order polynomial derived 
m 

by Bowles from the ULE's e vs. T response as the specimen strain, 

the strain, r , attributable to the prism is determined at each data 
r 

point using the relationship developed in the next section. These 

values, along with the temperature at which they occur, form the data 

pairs for a least squares polynomial function, e^(T), which will then be 

used to compute the e at each of the composite specimen data points. 

r 

This method of generating an e^{T) differs slightly from that used by 
Bowles. He fit his Moire data from the reference grating test directly 
with a 3rd order least squares polynomial and then combined the coef- 
ficients of like terms from this polynomial with those of the 3rd order 
polynomial for the ULE, yielding a 3rd order polynomial for e^(T). With 
the method described above, the choice of polynomial order to be used to 
fit the - T data is limited only by the nunber of the data points 


avail able. 
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3.4.5 Specimen Strains from Hoire Data 

In the previous two sections procedures were given for reducing 
Moire data to obtain the apparent strain, e , and for determining the 

ftl 

portion of this apparent strain, e^, attributable to changes In the ref- 
erence grating. In order to translate these strains Into the actual 

specimen strain, e , a relationship linking e , e and e oust be deve1- 
s fn r s 

oped. Recall 


S‘"L~‘^r (2.6) 

9, (2.4) 


N . - 0%) • I (3.1) 

Substituting (3.1) and (2.4) into (2.6) and grouping reference and 
specimen frequencies; 


'm ■ • 'r > ' ' TT 

I 1 r, 

Noting that, to within a very small fraction of a percent 



I 

T" 

*1 


Eqn. (3-3) may be rewritten 



f -f 
s 


5 


1 



(3.3) 


(3.4) 


Since strain Is by definition change in length per original length. 
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then, in terms of frequencies, strain may be expressed 

f -f 

c --4- (3.5) 

(Note: for positive strain, frequency decreases.) Substituting (3.5) 

into (3.4), and rearranging terms: 


e 


s 


r fn 


(3.6) 


which provides for the combination of any two known strains to determine 
the third. The conputed strains and the teitperatures to which they cor- 
respond are then fit with a least squares polynomial which can be dif- 
ferentiated with respect to tenperaturt - yield the CTE. 


4. EXPERIMENTAL ACCURACY 


The experimental accuracy discussed here concerns only the ability 
to measure fringe orders and temperatures, and the effects of errors as- 
sociated with these measurements on the quantitites determined from 
them. As noted earlier the displacement sensitivity of this technique 
is 833 nn. .33 pin.) per fringe. For the 33 mm (1.3 in.) gage length 
used in these tests this translates to a strain sensitivity of 25 pe per 
fringe. The following analysis provides an estimate of the fractional 
fringe resolution capability as well as the overall error attributable 
to the data reduction process. 

4 .1 Fringe Orders and Apparent Strains 

As indicated in Section 3.4.3 the change in fringe order at a gage 
mark from the initial test teirperature to a subsequent tenperature is 
the dependent variable in the least squares fit, and is referred to as AN. 

The deviation of each AN- from a first order curve was determined 
by con^aring the AN^ with a AN(x.) cotiputed from the least squares slope 
and intercept, and x^, the distance associated with the gage mark at 

which an. was measured. The average deviation of AN 6A „ - was computed 
1 AN 

from: 

k 

E |AN^ - AN(x^)| 

^\n ' k’ 

where k is the total nunber of data points used in all tests. For these 
tests which involved nearly 550 data points: 
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6A.„ = 0.063 fringe (4.2) 

AN 

As Beers [14] notes, the ratio of standard deviation to average devia- 
tion, for a large nimber of readings approaches 1.25. Using this factor 
and result (4.2) yields 


^AN ' fringe 


(4.3) 


Assuning that the fringe orders at each gage mark are read to the same 
accuracy, each of the two N's used to conpute the aN^ would contribute 
the same random error to the AN^. In light of Result (4.3) this assump- 
tion implies 


S = 0.056 fringe (4.4) 


This indicates the random error, to within one standard deviation, asso- 
ciated with reading a fringe order at a gage mark is approximately ±0.06 
fringe. 

Recalling Eqn. (3.2.b) and making use of (4.3) yields an overall 
standard deviation for the least square slope of 

= 2.15 X 10"^ t/mm (4.5) 


Since the slope is multiplied by the pitch of the reference grating to 
obtain the apparent strain, e , the standard deviation of the apparent 
strain is 


S = 1.8 


(4.6) 
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4.2 Temperature 

Determining the individual apparent strains, and their accuray 
did not involve the temperature at which they occurred, but determining 
actual specimen strains as well as the CTE does involve the tenpera- 
tures, and the accuracy to which the temperature is determined affects 
the accuracy of the specimen strains and predicted strains using the 
computed CTE. As stated at the end of Section 3.2.1 the temperature 
readouts were given to 0.1“ F, and the thermocouples were read before 
and after each exposure. The overall standard deviation of the 
thermocouple readouts was found to be: 

= 0.25K (0.45 °F) (4.7) 

This temperature deviation must be included with the deviation in 
the strain to arrive at the expected error at a data point. To do this 
Sj must be expressed in terms of strain which is done by multiplying it 
by the slope of the e - T curve, yielding a quanity (Sy)^* Even though 
the e - T curves are non-linear, an average slope will be adequate for 
this conversion. This conversion will be illustrated in the following 
section. 
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4.3 Reference Gratin g and Composite Specimen 
4.3.1 Reference Grating 

As noted in Section 3.4.4 the quantities involved in determining 
at any data point in the prism calibration test are the conputed ULE 
(specimen) strain and Moire strain at that point. The deviation in the 
ULE e - T curve is approximately 1 pe (see [3] BoWIes), while the devia- 
tion in Moire strain given by Eqn. (4.6) is 1.8 |ie. These combine to 
give: 


S =2.1) pe (^*fi) 

^r 

To determine the expected error in e^(T), the contribution of 
temperature deviation must be added to Eqn. (4.8). The average slope of 
the Ep(T) (the function is given in the results section) is - 6.8 ^e/K. 

This converts the temperature deviation given by Eqn. (4.7) 
to 


(S^)^ = 1.7 (4.9) 

Values given by Eqns. (4.8) and (4.9) are combined to yield: 

S (T) = 2.7 HE (4.10) 

*^r 

In evaluating the least square polynomial curve fits to the - T 
data the standard deviation of the 2nd order fit was found to be 2.3 pe 
which is within the expectations of Eqn. (4.10). However, a 3rd order 
fit produced a standard deviation of 1 he* and, although it is not felt 
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that this is an actual improvement in accuracy, this 3rd order 
polynomial was used to represent 6^.(1). 

4.3.2 Composite Specimen Strains 

Since determining the strain in a composite specimen at any data 
point involves solving Eqn. (3.6), the errors expected in the strain in- 
clude the combination of Se (T) and Se . Recalling the results given in 

r n 

Eqns. (4.6) and (4.10) yield: 

Se^ = 3.2 pe (4.11) 

To evaluate the least squares fit to the specimen data the tempera- 
ture deviation is converted to strain deviation as in the previous sec- 
tion and combined with Eqn. (4.11). The results for the composite lam- 
inates tested are given in Table 1. 
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Table 1 


Expected Standard Deviation for Points on e vs. 


T Curves 












5. RESULTS AND DISCUSSION 


5.1 Reference Grating (Prism) Calibration 

As noted in Section 3.4.4 the prism calibration was accomplished by 
running a thermal expansion test using ULE as the specimen and solving 
Eqn. (3.6) for e^, with the known ULE response for e^. The ULE response 
as determined by Bowles [3] is listed in Table 2. Equation (3.6) was 
solved for at each data point, and these points are shown in Fig. 9. 

A third order polynomial was generated as a least squares fit to these 
data points, and is also shown in Fig. 9, while its polynomial coeffic- 
ients are listed in Table 2. Included in Fig. 9 is the third order 
least squares polynomial representation of the thermal response of 
Bowles' [3] reference grating. A comparison of the responses of the two 
reference gratings indicates the prism response to be ten times that of 
the reference grating used in [3], which leads to somewhat larger 
inaccuracies with the prism than with Bowles' diffraction grating. The 
greater thermal response of the prism causes an increased density of 
fringe patterns, making it sometimes more difficult and nearly always 
more laborious to evaluate the Moire strain at a data point. This 
increased response also causes the error due to temperature inaccuracies 
to become significant even for laminates with a low thermal expansion 
coefficient. As noted in Section 3.2.3, follow up work with this 
technique will employ prisms having thermal response equivalent to or 
less than that of the reference grating used in [3]. 
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Polynomial Coefficients for Thermal Strain as a Function of Tenperature 
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In the test program for the prism calibration, there were two def- 
iciencies which have made confident evaluation of the results less than 
optimum. First, data was only taken at points on the heating cycle, and 
although the response of the prism should be the same on heat up and 
cool down, factors in the system such as movement of a prism In the 
prism-holding frame over a complete cycle and the correctness of the 
thermocouples in measuring the temperature of both the specimen and the 
prisms for a heating and cooling condition were not evaluated. Second, 
only one prism was calibrated since, as was mentioned In Section 3.4.4, 
a prism-holding frame was needed as the support for the ULE specimen. 

For small thermal responses, variations which might occur In prlans cut 
from the same glass would not become significant. But for thermal res- 
ponses much larger than those of the specimen being measured, small var- 
iations in the prisms may produce a significant error In the test re- 
sults. In addition, movement of prisms In the holding frames may not be 
the same for both prisms, although It is probably repeatable cycle to 
cycle. These two possible sources of error In the prisn calibration, 
and hence all other test results, can be removed by making a third 
holding frame and testing each prism through at least two complete heat 
up and cool down cycles. 

5.2 Thermal Exp^nsion_^f Composite Laminates 

The results for the composite test specimens are grouped by lamin- 
ate type. Unless otherwise noted, all strains presented in this section 
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are the average of the strains computed for each side of the laminate. 
Tables 3 and 4 present nunerlcal results (from best fit polynomials) of 
strain and CTE at selected temperatures for all laminates and a 
numerical comparison with Bowles results. 

As noted In Section 3.3 the laminates were dried at 340 K (150®F) 

In an oven without an enforced dry atmosphere. As a consequence of 
this. It Is felt that at test temperatures above the drying temperature 
additional moisture desorbtlon took place. This desorbtlon would cause 
varying amounts of contraction (depending on laminate type) during the 
heating cycle, which, due to slower absorbtlon than desorbtlon rates, 
would not necessarily be recovered during the cooling cycle. The effect 
on the strain vs. tenperature response would be lower strains during the 
cooling cycle than those measured at corresponding temperatures during 
the heating cycle. This effect was observed, to some extent, for all 
composite laminates tested, which In a qualitative sense provides some 
verification for the existence of the desorbtlon discussed above. 

5.2.1 [0] Laminate 

The strain vs. temperature results for the [0] laminate are shown 
graphically In Fig. 10. A 3rd order least squares fit of the data was 
used, with the polynomial coefficients given in Table 2. The standard 
deviation of the data points from this curve fit Is 2pc. Bowles' best 
fit curve Is shown for comparison. As noted in Section 3.1, steps taken 
to improve the alignment of gage markes on grating molds and grating 
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Table 3 

Thermal Strain Conparlson - Brooks/BoWles[2] 



[03 

(38-21 B) 

-2.8/0 

-10.7/-6.7 

16.2/-13.4 

[90] 

(39-30 A) 

10/25 

1685/1583 

3610/3425 

[0/*45/903s 

(43-7) 

-3/4 

! 

iaO/139 

321/302 

[0/90/*453s 
(44-8 B) 

2/- 2 

130/138 

294/297 
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molds on the specimen eliminate the need to apply the rotational correc- 
tion factors given by Bowles. A comparison betMeen figs. 9 and in Indi- 
cates the extent to which the [0] laminate Moire results were dominated 
by the apparent strain of the reference gratings. This Is not a desir- 
able situation and as was Indicated In Section 3.2.3 this difficulty 
will be corrected In follow up worK. Although the general shape of 
the € vs. T curve generated from this test, I.e. conpresslve strains 
with heating up to approximately 330 to 340 K (135 to 150®F), and 
tensile strains from that point up to the tenperature limit of this 
test, differs from Bowles' Moire results of linear, compressive c vs. T, 
qualitatively, these results are In agreement with Bowles' strain gage 
results [3], and are very similar to strain gage results obtained by 
Hyer and Hagaman [15] on Graphite-Polylmide material systems. 

Fig. 11 presents the e(W/Bend1ng) vs. T data points. These points 
are delineated as Side 1 or Side 2 and whether they occurred during a 
heating or cooling cycle. The bending strains derived by comparison of 
Side 1 and Side 2 data (1 to 10 pc) could be an Indication of 
nonuniformity In the fiber distribution or curing process, but 
unfortunately as noted In section 5.1, It Is conceivable that side to 
side variations of this amount could also be due to variations In the 
response of the two prisms used here. rt)peful 1y this question will be 
resolved in follow-up tests. Figure 11 also Indicates generally higher 
strains (0 to 6 \ic) during heating cycles than cooling cycles. It Is 
not likely that this rould be attributed to the moisture desorbtlon 
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problem noted in Section 5.2, since the [0] laminate is not sensitive to 
moisture desorbtion in this temperature range. The most, likely source 
for this consistent discrepancy in heating and cooling cycles for the 
[0] laminate is in differing prism response (either mechanical or 
material) during heating and cooling which, as noted in Section 5.1, was 
not measured prior to testing. 

5.2.2 [90] Laminate 

Fig. 12 presents the strain vs. temperature results for the [90] 
laminate. A second order least squares fit of the data was used, with 
the polynomial coefficients given in Table 2. The standard deviation of 
the data points from this curve fit is 8.8 pc which is close to the ex- 
pected standard deviation of 7.6 pe given in Table 1, Using the data 
for the heating cycle only results in a deviation of only 3pe. The data 
points on the cooling cycle had lower strains than points on the heating 
cycle at comparable tenperatures with a maximum difference of 
approximately 35pe at 310 K (100®F) - the lowest temperature on the 
cool down cycle. As indicated in Section 5.2 this could possibly be the 
result of continued desorbtion. Using the lamina coefficients of 
moisture expansion fCME) reported by Hahn and Kim [16], 

Pj = n and = 5900 pe/% H^O 


the 35 pe difference noted between the heating and cooling cycles of the 
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Fig. 12 Thermal Expansion - [90] Laminate 
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[90] laminate would require an additional moisture loss of 0.007X during 
testing. This does not seem unreasonable given the environmental 
conditioning prior to testing. The strains obtained in these tests were 
approximately 7% higher than those obtained by Bowles. After the 
initial temperature increment there was a fairly constant difference in 
strain from Side 1 to Side 2 of 25 - 30 pe. A constant difference would 
not indicate bending, but since one side could not be considered more 
correct than the other, they were averaged just as the other results 
were. 


5.2.3 [0/+45/-45/90]5 Laminate 

Fig. 13 presents the strain vs. temperature results for the 
[0/+45/-45/90]5 laminate. A second order least squares fit of the data 
was used, with the polynomial coefficients given in Table 2. Ihe stand- 
ard deviation of the data ponts from this curve fit is 7.8 pe which is 
more than double the expected deviation given in Table 1. The problem 
is not likely to be in the appropriateness of the order of curve fit 
chosen, as a second order fit has been sufficient in most other lamin- 
ates, and a third order fit offered only slight improvement (standard 
deviation of 7.1 pe). The heating cycle itself had (for a second order 
fit) a deviation of 5 pe which is worse than the anticipated deviation 
and indicates the presence of an erroneous data point. Moreover, the 
cooling cycle strains are 15-20 pe below those expected from the fit of 
the heating cycle data points causing the even larger deviation when all 
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points are used in the curve fitting process. Again, this heating and 
cooling cycle difference is thought to be primarily attributable to 
moisture desorbtion during testing. Using laminate analysis, the CME's 
noted in the previous section, and the elastic properties given in Tbble 
5, the laminate CME for the quasi-isotropic laminates is found to be 

%uasi-1sotropic ” 

For the strains noted this implies additional moisture desorbtion during 
testing of 0.03 to 0.04% of the composites weight. Even though these 
moisture losses are higher than those noted for the [90] laminate, they 
still seem to be within reason. 

Table 3 indicates these strains to range from 0-6% higher than 
those obtained by Bowles, with a larger discrepancy for CTE found in 
Table 4. Side 1 and Side 2 strains differed by at most 6 ue. Indicating 
very little bending during testing. 

5.2.4 [0/90/+45/-45]$ Laminate 

Fig. 14 presents the strain vs. ten^erature for the [0/90/+45/-45]5 
laminate. A second order least squares fit of the data was used, with 
the polynomial coefficients given in Table 2. The standard deviation of 
the data points from this curve fit is 4.8 pc, which is approximately 
50% higher than the expected deviation given in Table 1. For the 
heating cycle data points a second order fit yielded a deviation of only 
2 pc, with the cooling data points about 5 - 10 pc less than expected 
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from the heating cycle curve fit. Again this indicates the possibility 
of moisture desorbtion during testing. Using the CME generated in the 
previous seciton, these strains could result from moisture desorbtion of 
n.Ol to 0.02% of the con^osites weight, which as noted in the previous 
section is a reasonable possibility. 

As Tables 3 and 4 indicate results for this laminate are in better 
agreement with Bowles' results, possibly because this laminate was the 
closest to exhibiting "dry" behavior. The Side 1 to Side 2 strain 
difference varied almost linearly from 0 jie at room tenperature to 
32 nc at 428 K (3ll°F). Rending strains of this magnitude are not 
surprising in nominally synmetric quasi-isotropic laminates, especially 
considering the surface preparation method prior to grating application 
noted in Section 3.3. It would also seem that since Bowles had to 
prepare only one surface of his quasi-isotropic specimens the danger of 
creating a slightly anti-synmetric laminate resulting in slight bending 
would be even greater. Fig. 15 presents an interesting possibility 
concerning bending and comparison of Bowles' results with those obtained 
in these tests. Side 1 and Side 2 data are plotted individually along 
with Bowles' best fit curve. For the most part the best fit curve lies 
between the data from Side 1 and Side 2, and in very close agreement 


with Side 1 data. 
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5.3 Comparison wi t h La mi nation Theory 

A macromechanics approach based on the method of classical 
laminated plate theory vdll be used to predict the thermoelastic 
response of the two quasl-lsotropic laminates tested here. The method 
uses the thermoelastic behavior of the Individual laminae In conjunction 
with the orientation and thickness of each lamina to predict the 
behavior of the laminate. The lamina thermal properties were based on 
the results obtained In the [0] and [90] laminate tests, which may be 
found In Table ?., The lamina elastic properties are those used by Kriz, 
et a1. [17] for T300/5208 In the dry state. These properties are given 
In Table 5. Since the elastic properties are assuned independent of 
temperature, the analysis presented here will have temperature 
dependence only for the thermal properties. The lamination theory used 
here follows the analysis presented by Hahn and Pagano [18]. In 
particular, for symmetric laminates they show 

{e°(T)| « [A'] {N^(T)) (5.1) 

where |e°(T)l Is the temperature dependent midplane strain of the lamin- 
ate, [A'] Is the Inverse of the extenslonal stiffness matrix and 
{N^(T)| is the temperature dependent thermal force resultant which may 
be expressed 


(N^(T)l = /“h [Of {e^(T)}’^dz 


(5.2) 
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TABLE 5 

ELASTIC PROPERTIES FOR T300/5208 


El astic 
Property 

Lami na 
Value 
GPa (MSI) 

El 

130.3 (Ift.9) 

Ee 

9.72 (1.41) 

Gi2 

5.39 (.7fi2) 

^12 

0.308 
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where [Q]*^ are the transformed stiffnesses of the Kth layer and 
{c^{T)}*^ is the temperature-dependent free thermal strain of the Kth 
layer. Assuming all plies to have the same thickness, t, Eqn. 5.2 may 
be simplified and substituted Into Eqn. 5.1 to yield 

(t»(T)l • 2t [A'] J [0]'' (5.3) 

K-1 


where N Is one-half the nunber of plies In a symmetric laminate. Since 
stacking sequence has no effect In symmetric laminates under uniform 
thermal loading, Eqn. 5.3 may be solved for the [n/+45/-45/90]s laminate 
configuration, with results that would apply equally to the [0/qn/+45/- 
45ls configuration. This solution Is presented 1n F1g. 16 along with 
moire data points from the two quas1-1 sotropic laminates tested. 
Comparison Is exceptionally good for the [0/+45/-45/90]s laminate and 
fairly good for the [0/90/+45/-45]s laminate. 

By definition the CTE {o{T)} Is given by: 

1«(T)I ■^U”(T)l (5.4) 

which is solved for «^(T) several temperatures for the quasi -1 sotro- 
pic laminate configurations used here. Results are presented on these 
laminates in Table 6. Again, agreement is reasonably good. 
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U'A*' 

OF 


POOR QUALITY 


TABLE 6 

LAMINATION THEORY GTE AND COMPARISON 
WITH TEST RESULTS 


T 

(KZ-’F) 

GTE (Theoretical) 
(lieK V|ie®F 

GTE (Experimental) 
(pcK Vpe®F ^) 

[0/+45/-45/90]s 

and 

[0/90/+45/-45]s 

[0/+45/-45/90]g 

[0/90/+45/-45]^ 

297/76 

1.42/0.79 

1.93/1.D7 

1.72/0.96 

328/131 

2.23/1.24 

2.25/1.25 

2.03/1.13 

360/18'' 

2.76/1.53 

2.60/1.44 

i 

2.34/1.30 

391/244 

2.99/1.66 

1 

2.93/1.63 

2.65/1.47 

422/300 

2.94/1.63 

3.26/1.81 

2.96/1.64 






















6. CONCLUSIONS 


The primary purpose of this investigation was to develop an experi- 
mental technique for using moire interferometry to measure the thermal 
response of both sides of composite laminate coupon specimen. In con- 
junction with this, it was desired that the technique developed be easi- 
ly extended to temperature regimes not encountered in this and previous 
tests using moire interferometry. To accomplish these goals partially 
mirrorized glass prisms were employed to generate virtual diffraction 
gratings in an experimental setup designed for simultaneous viewing of 
both sides of the laminate being tested. Improvements were made in the 
methods for marking gage lines on the grating molds and aligning these 
molds on the specimen. The nimber of data points needed was reduced by 
40% from the number used by Bowles [31. The thermal response of the 
laminates determined here was conpared with that given by Bowles [3] and 
with lamination theory. Results here led to the following conclusions: 

1) Moire interferometry, with partially mirrorized prisms used to form 
virtual reference gratings in a changing thermal environment, has 
been determined to be an effective and potentially precise technique 
for the experimental determination of the thermal response of 
lamianted composites in a temperatui e range of ?Q7 K (75°F) to 422 K 
(300 ®F). Fringe patterns generated with this technique were sharp 
and had excellent contrast. 

2) Simultaneous two-sided viewing has been shown to provide useful 
information on side-to-side, non-uni ^^orm behavior. For the 
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quasi-isotrop1c lamiantes tested, these s1de-to-s1de variations were 
found to be as much as 10% of the longitudinal strains. 

3) The CTE's of the four T300/5208 graphite-epoxy laminates, as 

determined by this investigation, are summarized as follows: the 
[0] laminate has a quadratic temperature dependent CTE ranging from 
-0.768 0 297 K (75°F) thru a value of 0.00 0 334K (142 ®F) to 

a relative maximum of 0.34 0 380 K (255 ®F) and ending with a 

value of 0.057 neK”^ 0 422 K (300 °F); the [90] laminate has a 
linear temperature dependent CTE ranging from 24.41 0 297 K 

(75 °F) to 33.21 neK"^ 0 422 K (300 “F); the [0/+45/-45/90]s 
laminate has a linear temperature dependent CTE ranging from 

1.93 0 297 K (75 ^F) to 3.25 0 422 K (300 “F); the 

[0/9()/+45/-45]s laminate has a linear temperature dependent CTE 
ranging from 1.7? 0 297 K (75 °F) to 2.96 ^eK"^ 0 422 K (300 

°F). These two quasi-isotropic laminates have identical CTE's of 
2.60 jxeK'^ 0 the test's mid-point temperature of 360 K (189 'F). 

4) Comparison with Bowles showed generally good agreement between the 
two Moire techniques, with differences in thermal response on the 
order of less than 7% in the [90] and two quasi-isotropic 
lamiantes. Tbe [0] laminate had a completely different shape to its 
thermal response curve than that found by Bowles using Moire 
interferometry, but had a similar shape to that found by Bowles 
using strain gages as well as that found by Hyer and Hagaman using 
strain gages on graphite polyimide. The conparison with lamination 
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theory yielded for the most part better than 5% agreement between 
actual and theoretically predicted strains for the quasi -isotropic 
laminates. 

5) The effect of residual moisture in laminates with some environmental 
conditioning appears to be significant. After driving out 
approximately 0.4-0. 5% of the laminate's weight in moisture prior to 
testing, response typical of continued moisture desorption was 
observed during testing. Strains of as much as 35 ue were 
attributed to this type of response. 

The basic test method developed appears to be sound and worth 
continuing with modifications as noted elsewhere in this report and 
simmarized here: 

1) New prisms using glass with a much smaller change in index of 
refraction with temperature; 

2) Calibration of both prisms through several heating and cooling 
cycles to remove any question about their contribution to the 
resul ts; 

3) Specimens must be dried and tested in an oven with an enforced 
dry atmosphere. 
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